Abstract: Radio beacons enable measurements of ionospheric radio scintillations and total electron content (TEC). These beacons transmit unmodulated, phase-coherent waves in S-band frequencies. Many satellite applications require circularly polarized (CP) wideband antennas. Their compact size, lightweight, and simple fabrication method make CP antennas suitable for small satellite systems. The slot antenna has wideband impedance, but the 3 dB axial ratio bandwidth (ARBW) is narrower compared to the impedance bandwidth (IBW). In this paper, a circularly polarized circular-slotted antenna (CSA) is proposed to enhance the ARBW and the antenna gain. A pair of asymmetrical rectangular slots, a simple 50 Ω feedline and a parasitic patch were introduced to a CSA to enhance the 3 dB ARBW and the antenna gain. Rectangular slots were inserted on the diagonal axis of the CSA, the feedline was shifted to the left side of the x-axis, and a parasitic patch was attached to the circular slot. The lengths of the rectangular slots correspond to the resonant frequency, and the parasitic patch width corresponds to the higher frequency of the 3 dB ARBW. The asymmetrical rectangular slots, the shifted feedline, and the parasitic patch successfully improved the measured 3 dB ARBW of the antenna by 787.5 MHz or 35.79%. The measured gain of a CSA with left-hand circular polarization (LHCP) was also improved by shifting the feedline and the rectangular slot, achieving a peak gain of 5 dBic.
Introduction
The Josaphat Microwave Remote Sensing Laboratory (JMRSL), Center for Environmental Remote Sensing (CEReS), Chiba University in Chiba, Japan has been conducting research and development related to ionosphere sensors onboard microsatellites since 2015 [1, 2] . Developments in space technology have motivated scientists and engineers to consider the idea of a small satellite. The evolution and ongoing miniaturization of technology have led to the emergence of new small satellites, such as nanosatellites capable of performing simple and complex missions in outer space [3] .
Circular-Slotted Antenna
The design included a conventional model and model 1, as depicted in Figure 1 . The conventional CSA ( Figure 1a ) applies linear polarization (LP) radiation. The slot radius R determines the resonant frequency of this antenna. The antenna is simulated on a substrate with a relative permittivity ε r of 2.17, thickness h of 1.6 mm, loss tangent of 0.0005, and slot radius R of 26.5 mm. The copper thickness t of 0.035 mm, the antenna width W of 95 mm, and the length L of 100 mm yield a resonant frequency of 2.17 GHz. The feedline length L f 1 is 40 mm, L f 2 is 8 mm, width W f 1 is 4 mm, and W f 2 is 4 mm. Figure 2 depicts the final design, referred to as model 2. The dimensions of the CSA model are provided in Table 1 . 
Models (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Conventional
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A Pair of Symmetrical Rectangle Slots (Model 1)
The CP is converted from the LP antenna (conventional model) by modifying the slot structure [16] , and its feedline is positioned to the side of the wide slot [19] . In model 1, the feedline is shifted toward the left side of the x-axis, and two symmetrical rectangular slots are introduced on the diagonal of the grounded patch. The feedline is shifted to the left side with of 9 mm. The rectangular slots have a length of 40.79 mm, of 16 mm, of 40.79 mm, and of 16 mm. 
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A Pair of Symmetrical Rectangle Slots (Model 1)
The CP is converted from the LP antenna (conventional model) by modifying the slot structure [16] , and its feedline is positioned to the side of the wide slot [19] . In model 1, the feedline is shifted toward the left side of the x-axis, and two symmetrical rectangular slots are introduced on the diagonal of the grounded patch. The feedline is shifted to the left side with of 9 mm. The CP is converted from the LP antenna (conventional model) by modifying the slot structure [16] , and its feedline is positioned to the side of the wide slot [19] . In model 1, the feedline is shifted toward the left side of the x-axis, and two symmetrical rectangular slots are introduced on the diagonal of the grounded patch. The feedline is shifted to the left side with X f 1 of 9 mm. The rectangular slots have a Figure 1b . The lengths L s1 and L s2 also influence the resonant frequency by changing the slot size. The larger the value of L s1 , the higher the resonant frequency, and the lower the axial ratio. A wider impedance bandwidth compared with the conventional model was produced.
With a slot length of 0 mm, the center frequency S 11 shifts to a higher frequency of 2.37 GHz with an impedance bandwidth of 1.11 GHz. The antenna gain is 1.92 dBic at a frequency of 2.2 GHz, with a peak gain of 2.4 dBic at a frequency of 2.6 GHz. When the slot length is 30 mm, the frequency center shifts to a higher frequency of 2.59 GHz. This model achieves a peak gain of 4.06 dBic, but fails to generate the 3 dB axial ratio. When the rectangular slot length is 40.79 mm, a 3 dB axial ratio is generated at the center frequency of 2.34 GHz with an ARBW of 270 MHz. If the slot length is more than 40.79 mm, the axial ratio is better (lower), but the center frequency S 11 shifts to a higher frequency. The influence of slot lengths L s1 and L s2 on S 11 , the axial ratio, and the gain are depicted in Figure 3a -c, respectively. This design was used to generate the CP wave and increase the antenna gain, as shown in Figure 1b . The lengths and also influence the resonant frequency by changing the slot size. The larger the value of , the higher the resonant frequency, and the lower the axial ratio. A wider impedance bandwidth compared with the conventional model was produced.
With a slot length of 0 mm, the center frequency shifts to a higher frequency of 2.37 GHz with an impedance bandwidth of 1.11 GHz. The antenna gain is 1.92 dBic at a frequency of 2.2 GHz, with a peak gain of 2.4 dBic at a frequency of 2.6 GHz. When the slot length is 30 mm, the frequency center shifts to a higher frequency of 2.59 GHz. This model achieves a peak gain of 4.06 dBic, but fails to generate the 3 dB axial ratio. When the rectangular slot length is 40.79 mm, a 3 dB axial ratio is generated at the center frequency of 2.34 GHz with an ARBW of 270 MHz. If the slot length is more than 40.79 mm, the axial ratio is better (lower), but the center frequency shifts to a higher frequency. The influence of slot lengths and on , the axial ratio, and the gain are depicted in Figures 3a-c , respectively. 
A Rectangular Parasitic Patch (Model 2)
CP performance improvement of the CSA model 1 was necessary as its 3 dB ARBW was much narrower than its impedance bandwidth. Many methods have been investigated to enhance the 3 dB ARBW using a parasitic center patch [20] and a coplanar parasitic patch [21] . In this design, a parasitic patch on the circular slot was introduced to model 1 to generate another resonant frequency to broaden the 3 dB ARBW. The performance of the parasitic patch is influenced by a current path that 
CP performance improvement of the CSA model 1 was necessary as its 3 dB ARBW was much narrower than its impedance bandwidth. Many methods have been investigated to enhance the 3 dB ARBW using a parasitic center patch [20] and a coplanar parasitic patch [21] . In this design, a parasitic patch on the circular slot was introduced to model 1 to generate another resonant frequency to broaden the 3 dB ARBW. The performance of the parasitic patch is influenced by a current path that depends on the parasitic length W p , the parasitic width L p , and its parasitic center on the x-and y-axes. In this step, the effect of the parasitic width, patch length, and its center on the x-and y-axes are simulated. Figure 4a shows the effect of the parasitic widths W p of 0, 20, and 31 mm with a fixed parasitic length L p of 12 mm, X p of 8 mm, and Y p of 5 mm on the 3 dB axial ratio bandwidth. The parasitic widths of 0 and 20 mm produced 3 dB axial ratio bandwidths of 270 and 210 MHz, respectively. The antenna gain was lower, with a value of 3.47 dBic at 2.2 GHz. The parasitic width W p of 31 mm generated a CP in the center frequencies of 2.35 and 3.44 GHz, producing 3 dB axial ratios of 360 and 160 MHz. This antenna design produced an antenna gain of 3.64 dBic at the frequency of 2.2 GHz. This simulation result shows that when the parasitic patch width is 31 mm, a better axial ratio bandwidth is created. Figure 4b shows the effect of the parasitic lengths L p of 2, 6, and 12 mm with a fixed parasitic width W p of 31 mm, X p of 8 mm, and Y p of 5 mm on the 3 dB axial ratio bandwidth. The parasitic length L p of 2 mm generated dual CP frequencies of 2.35 GHz and 2.58 GHz, with 3 dB ARBWs of 229 MHz and 180 MHz, respectively. depends on the parasitic length , the parasitic width , and its parasitic center on the x-and yaxes. In this step, the effect of the parasitic width, patch length, and its center on the x-and y-axes are simulated. Figures 4a-d depict the simulation results. Figure 4a shows the effect of the parasitic widths of 0, 20, and 31 mm with a fixed parasitic length of 12 mm, of 8 mm, and of 5 mm on the 3 dB axial ratio bandwidth. The parasitic widths of 0 and 20 mm produced 3 dB axial ratio bandwidths of 270 and 210 MHz, respectively. The antenna gain was lower, with a value of 3.47 dBic at 2.2 GHz. The parasitic width of 31 mm generated a CP in the center frequencies of 2.35 and 3.44 GHz, producing 3 dB axial ratios of 360 and 160 MHz. This antenna design produced an antenna gain of 3.64 dBic at the frequency of 2.2 GHz. This simulation result shows that when the parasitic patch width is 31 mm, a better axial ratio bandwidth is created. Figure 4b shows the effect of the parasitic lengths of 2, 6, and 12 mm with a fixed parasitic width of 31 mm, of 8 mm, and of 5 mm on the 3 dB axial ratio bandwidth. The parasitic length of 2 mm generated dual CP frequencies of 2.35 GHz and 2.58 GHz, with 3 dB ARBWs of 229 MHz and 180 MHz, respectively. When the patch length was 6 mm, the 3 dB axial ratios were 300 and 220 MHz at frequencies of 2.37 and 3.55 GHz, respectively. When the patch length was 12 mm, the 3 dB axial ratios were 310 and 250 MHz in the center frequencies of 2.38 and 3.49 GHz, respectively. The center frequency of the CP shifted closer to each other and the gain increased by 4.1 dBic. Figure 4c shows the effect of the parasitic center of −5, 0, and 5 mm with a fixed parasitic width of 31 mm, and of 12 mm on the 3 dB axial ratio bandwidth. When the parasitic center was −5 mm, the 3 dB center frequencies (CF) were 2.63 and 3.7 GHz. When the parasitic center When the patch length L p was 6 mm, the 3 dB axial ratios were 300 and 220 MHz at frequencies of 2.37 and 3.55 GHz, respectively. When the patch length L p was 12 mm, the 3 dB axial ratios were 310 and 250 MHz in the center frequencies of 2.38 and 3.49 GHz, respectively. The center frequency of the CP shifted closer to each other and the gain increased by 4.1 dBic. Figure 4c shows the effect of the parasitic center Y p of −5, 0, and 5 mm with a fixed parasitic width W p of 31 mm, and L p of 12 mm on the 3 dB axial ratio bandwidth. When the parasitic center Y p was −5 mm, the 3 dB center frequencies (CF) were 2.63 and 3.7 GHz. When the parasitic center Y p was 0 mm, the 3 dB CF were 2.56 and 3.56 GHz. When Y p was 5 mm, the 3 dB CF occurred at 2.39 and 3.45 GHz. The simulation result showed that the parasitic center Y p controls the 3 dB CF. Figure 4d shows the effect of the parasitic center X p of −9, 0, and 8 mm with the fixed parasitic width W p of 31 mm and L p of 12 mm on the 3 dB axial ratio bandwidth. When the parasitic center X p was −9, 0, and 8
Aerospace 2019, 6, 39 6 of 11 mm, the 3 dB center frequency generated 3 dB ARBWs of 190 MHz, 290 and 190 MHz, and 340 and 250 MHz, respectively. The simulation result showed that the parasitic center X p generates a higher frequency when its position is on the positive x-axis.
However, a combination of the symmetrical slot length and a rectangular parasitic patch failed to enhance the 3 dB ARBW. The next step was to extend the slot lengths L s1 to 48.79 mm and L s2 to 40.79 mm. This modification successfully enhanced the 3 dB axial ratio up to 51.52% in the frequency range of 2.12-3.35 GHz. This design also increased the antenna gain up to 4.71 dBic at the frequency of 2.2 GHz, with a peak gain of 4.8 dBic at the frequency of 2.28 GHz. However, the impedance frequency shifted to a higher frequency of 2.27-3.32 GHz, with the deepest curve of −45 dB at the center frequency of 2.69 GHz. This impedance frequency must have been shifted to a lower frequency; therefore, to overcome this problem, the feedline width was deformed with a W f 2 of 10 mm, as depicted in Figure 2 . Model 2 has an impedance bandwidth of 1.84-2.72 GHz, an antenna gain of up to 4.65 dBic, an ARBW of 2.21-3.26 GHz or 51.52%, and a deep curve of 0.28 dB at the frequency of 2.42 GHz. Therefore, proper tuning is critical to determine the best parameters that produce a wider impedance bandwidth, a wider ARBW, and a higher gain. The comparison of the simulation results of the conventional model, model 1, and model 2 is depicted in Figure 5 , and the performance is compared in Table 2 .
31 mm and of 12 mm on the 3 dB axial ratio bandwidth. When the parasitic center was −9, 0, and 8 mm, the 3 dB center frequency generated 3 dB ARBWs of 190 MHz, 290 and 190 MHz, and 340 and 250 MHz, respectively. The simulation result showed that the parasitic center generates a higher frequency when its position is on the positive x-axis.
However, a combination of the symmetrical slot length and a rectangular parasitic patch failed to enhance the 3 dB ARBW. The next step was to extend the slot lengths to 48.79 mm and to 40.79 mm. This modification successfully enhanced the 3 dB axial ratio up to 51.52% in the frequency range of 2.12-3.35 GHz. This design also increased the antenna gain up to 4.71 dBic at the frequency of 2.2 GHz, with a peak gain of 4.8 dBic at the frequency of 2.28 GHz. However, the impedance frequency shifted to a higher frequency of 2.27-3.32 GHz, with the deepest curve of −45 dB at the center frequency of 2.69 GHz. This impedance frequency must have been shifted to a lower frequency; therefore, to overcome this problem, the feedline width was deformed with a of 10 mm, as depicted in Figure 2 . Model 2 has an impedance bandwidth of 1.84-2.72 GHz, an antenna gain of up to 4.65 dBic, an ARBW of 2.21-3.26 GHz or 51.52%, and a deep curve of 0.28 dB at the frequency of 2.42 GHz. Therefore, proper tuning is critical to determine the best parameters that produce a wider impedance bandwidth, a wider ARBW, and a higher gain. The comparison of the simulation results of the conventional model, model 1, and model 2 is depicted in Figure 5 , and the performance is compared in Table 2 . Figures 6a and 6b show the measured and the simulated axial ratios as a function of theta ( ) at the frequencies of 2.2 GHz and 2.4 GHz. At 2.2 GHz, the measured and simulated AR in the E-plane and H-plane produced a good result, even though the measured result was a little higher than the simulated result in the E-plane. At 2.4 GHz in the E-plane and H-plane, the measured and simulated results were also good, even though the line pattern was not entirely similar. Figure 6a,b show the measured and the simulated axial ratios as a function of theta (θ) at the frequencies of 2.2 GHz and 2.4 GHz. At 2.2 GHz, the measured and simulated AR in the E-plane and H-plane produced a good result, even though the measured result was a little higher than the simulated result in the E-plane. At 2.4 GHz in the E-plane and H-plane, the measured and simulated results were also good, even though the line pattern was not entirely similar. Figures 6a and 6b show the measured and the simulated axial ratios as a function of theta ( ) at the frequencies of 2.2 GHz and 2.4 GHz. At 2.2 GHz, the measured and simulated AR in the E-plane and H-plane produced a good result, even though the measured result was a little higher than the simulated result in the E-plane. At 2.4 GHz in the E-plane and H-plane, the measured and simulated results were also good, even though the line pattern was not entirely similar.
(a) (b) Figure 6 . The measured and the simulated axial ratio (AR) vs. theta ( ) at frequencies of (a) 2.2 GHz and (b) 2.4 GHz. Figure 7 shows the electric field distribution at a frequency of 2.2 GHz at 0, 45, 90, 135, and 180°. The electric field was dominant on the end of the upper feedline. For the electric field phase of 0 and 180°, the amplitude was dominant on the diagonal of the patch and the top right corner. When the electric field phase was 45°, the amplitude was dominant in the middle of the patch aligned with feedline and on the bottom left corner. The electric fields showed the left-hand pattern. 7 Frequency (GHz) 
Results and Discussion
Model 2 had to be verified to confirm the simulation results. For this purpose, model 2 was manufactured as shown in Figure 8 and was measured using an RF Vector Network Analyzer (E5062A, ENA-L, Agilent) in an anechoic chamber. Figure 9a highlights that the impedance bandwidth of the fabricated antenna was in good agreement with the simulation model. The 
Model 2 had to be verified to confirm the simulation results. For this purpose, model 2 was manufactured as shown in Figure 8 and was measured using an RF Vector Network Analyzer (E5062A, ENA-L, Agilent) in an anechoic chamber. Figure 9a highlights that the impedance bandwidth of the fabricated antenna was in good agreement with the simulation model. The simulated results produced an impedance bandwidth of 862.5 MHz from 1.85 to 2.71 GHz, whereas the measured result recorded an impedance bandwidth of 1.04 GHz from 1.77 to 2.81 GHz. 
Model 2 had to be verified to confirm the simulation results. For this purpose, model 2 was manufactured as shown in Figure 8 and was measured using an RF Vector Network Analyzer (E5062A, ENA-L, Agilent) in an anechoic chamber. Figure 9a highlights that the impedance bandwidth of the fabricated antenna was in good agreement with the simulation model. The simulated results produced an impedance bandwidth of 862.5 MHz from 1.85 to 2.71 GHz, whereas the measured result recorded an impedance bandwidth of 1.04 GHz from 1.77 to 2.81 GHz. The CP performance of the manufactured antenna conformed to the simulated model as illustrated in Figure 9b . The fabricated antenna produced a 3 dB ARBW of 787.5 MHz from 2.1625-2.95 GHz, which was narrower than the simulated 1.13 GHz range of 2.13-3.26 GHz. The measured ARBW was located entirely in the measured impedance bandwidth coverage. Figure 9c shows the antenna gain. The measured average gain generated a peak gain of 5 dBic at the lower frequency of 2.2 GHz and a lower gain of 3 dBic at the higher frequency of 2.8 GHz. The CP performance of the manufactured antenna conformed to the simulated model as illustrated in Figure 9b . The fabricated antenna produced a 3 dB ARBW of 787.5 MHz from 2.1625-2.95 GHz, which was narrower than the simulated 1.13 GHz range of 2.13-3.26 GHz. The measured ARBW was located entirely in the measured impedance bandwidth coverage. Figure 9c shows the antenna gain. The measured average gain generated a peak gain of 5 dBic at the lower frequency of 2.2 GHz and a lower gain of 3 dBic at the higher frequency of 2.8 GHz.
The radiation patterns of the fabricated antenna were also measured in an anechoic chamber to confirm the simulation result. Figure 10 shows the measured and simulated far-field radiation patterns of the CSA when it is radiated by left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP) waves sequentially. The antenna produced bidirectional radiation with both LHCP and RHCP operations radiated toward the +z direction (θ = 0 • ) and −z direction (θ = 180 • ), respectively. The measured E-plane far-field radiation patterns for 1.8 GHz, 2 GHz, 2.2 GHz, 2.4 GHz, and 2.6 GHz in Figure 10a -e, respectively, showed good agreement with the simulated results at the corresponding frequencies. The performance and dimensions of the measured antenna are compared with those of some related wideband CP printed-slot antennas reported in the literature in Table 3 . The proposed CSA with two asymmetrical rectangular slots and a parasitic patch had a higher peak gain compared to those reported in previous studies [6] [7] [8] and a broader 3 dB ARBW compared to those reported by Row et al. [8] and Tseng et al. [10] . The performance and dimensions of the measured antenna are compared with those of some related wideband CP printed-slot antennas reported in the literature in Table 3 . The proposed CSA with two asymmetrical rectangular slots and a parasitic patch had a higher peak gain compared to those reported in previous studies [6] [7] [8] and a broader 3 dB ARBW compared to those reported by Row et al. [8] and Tseng et al. [10] . 
Conclusions
In this study, a conventional CSA was converted from linear polarization to circular polarization by introducing a shifted feedline and two equal rectangular slots to the circular-slotted patch. This design yielded a 3 dB ARBW narrower than its impedance bandwidth. The proposed method to enhance the 3 dB ARBW involved inserting two asymmetrical rectangular slots and a parasitic patch. Both asymmetrical rectangular slots and the parasitic patch successfully improved the measured 3 dB ARBW of 787.5 MHz by 35.79% from 2.16 to 2.95 GHz. We confirmed that the two asymmetrical rectangular slots and the parasitic patch improved the gain. The measured average gain generated a peak gain of up to 5 dBic at the frequency of 2.2 GHz. The proposed antenna achieved a measured impedance bandwidth of 1.04 GHz, or equal to 47.27%, from 1.77 to 2.81 GHz. Thus, this design can be implemented for applications that require a wideband circularly polarized antenna.
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